The role of amino acid residues in the enzymatic activity of carboxylesterase from Arthrobacter globiformis was analyzed by diisopropyl fluorophosphate (DFP) labeling and site-directed mutagenesis. The electrospray ionization mass spectrometric (ESI-MS) analysis of the esterase, covalently labeled by DFP, showed stoichiometric incorporation of the inhibitor into the enzyme. The further comparison of endopeptidase-digested fragments between native and DFP-labeled esterase by fast atom bombardment mass spectrometric (FAB-MS) analysis as well as site-directed mutagenesis indicated that Ser59 in the consensus sequence Ser-X-X-Lys, which is conserved exclusively in penicillin-binding proteins and some esterases, served as a catalytic nucleophile. In addition, the results obtained from analysis of the mutants at position 62 suggested the importance of the basic amino acid side chain at this position, and suggested the significance of this residue acting directly as a general base rather than its involvement in the maintenance of the optimum hydrogenbonding network at the active site.
Carboxylesterase of Arthrobacter globiformis is a unique enzyme that stereoselectively hydrolyzes ethyl chrysanthemate. In a previous study, 1) we performed cloning and overexpression of the esterase gene. Largescale, optically pure (+)-trans chrysanthemic acid production was achieved by overexpressing the recombinant protein in E. coli cells cultivated at high density.
Complete inhibition of enzymatic activity by DFP in another previous study indicated that the esterase is a hydrolase with serine as an active-site residue.
2) Although the esterase isolated from A. globiformis has substrate specificity toward carboxylesters, it does not have significant amino acid sequence homology with typical serine carboxylesterases or lipases, nor does it have the consensus active-site motif Gly-X-Ser-X-Gly of serine hydrolases. 3) On the other hand, during primary sequence comparison, the esterase showed significant sequence homology to several class C -lactamases, [4] [5] [6] D,D-carboxypeptidase, 7) nylon oligomer hydrolase, 8) and D-aminopeptidase, 9) and lesser homology to class A -lactamase, 10) all of which have amide-hydrolyzing activity and are classified as penicillin-binding proteins 11) or as members of a penicillin-interactive, activesite serine protein family with an /-fold structure. 12) In addition, after publication of the amino acid sequence of the esterase from A. globiformis, some carboxylesterases that show significant homology to penicillinbinding proteins were cloned from microorganisms by other groups. [13] [14] [15] [16] According to the classification proposed by Arpigny et al., 17) these carboxylesterases should be categorized as family-VIII lipolytic enzymes.
The consensus motif Ser-X-X-Lys, which is found exclusively in penicillin-binding proteins and family-VIII lipolytic enzymes, also exists in the esterase of A. globiformis. The serine residue in this motif was identified as the active-site nucleophile in several enzymes through crystallographic studies and sitedirected mutagenesis. 10, [18] [19] [20] Moreover, putative homologous sequences were also found in two additional elements, Tyr-X-Asn in the middle of the enzyme and the KTG-box (Lys-Thr/Ser-Gly) in the C-terminal portion, both of which are also conserved among penicillinbinding proteins. Previous reports have discussed the mechanism of catalytic events, i.e., acylation and deacylation steps, of these penicillin-binding proteins, and have reported that several residues in the conserved elements are responsible for catalytic activity. [18] [19] [20] [21] [22] In this study, in order to identify the catalytic residues of esterase from A. globiformis and the differences and similarities in the hydrolytic mechanism between this esterase and the other homologous enzymes, both DFPlabeling and site-directed mutagenesis experiments were conducted. Covalent labeling of the esterase with the inhibitor followed by mass spectrometric analysis was performed to identify the active-site nucleophile. In addition, several site-directed mutants of the amino acids that were thought to be located in or near the y To whom correspondence should be addressed. Tel: +81-6-6466-5286; Fax: +81-6-6466-5484; E-mail: masako-nishizawa@ds-pharma.co.jp Abbreviations: PBPs, penicillin-binding proteins; DFP, diisopropyl fluorophosphate; API, (Achromobacter lyticus protease I: EC 3.4.21.50) lysyl endopeptidase; DTNB, 5,5 0 -dithiobis-(2-nitrobenzoic acid); ESI-MS, electrospray ionization mass spectrometry; FAB-MS, fast atom bombardment mass spectrometry; HPLC, high-performance liquid chromatography; PAGE, polyacrylamide gel electrophoresis; S59A, site-directed mutagenesis from serine to alanine at position 59 active-site cavity were constructed and analyzed for their roles in catalytic function. Through these experiments, we have formulated a representation of the environment of the active-site and mechanism of the formation of the acyl intermediate.
Materials and Methods
Materials. DFP, API, and DTNB were purchased from Wako Pure Chemical (Osaka, Japan). Restriction endonucleases, modifying enzymes, and DNA sequencing kit were from TAKARA BIO (Shiga, Japan). [ 3 H]-DFP (3000 Ci/mol) and Protein A-FF were from GE Healthcare Japan (former Amersham Japan) (Tokyo). Isopropyl--thiogalactoside (IPTG) was from Nacalai Tesque (Kyoto, Japan). Pfu polymerase was from Stratagene (La Jolla, CA). Dye-termination DNA sequencing kit was from Applied Biosystems (Warrington, UK). Phenolphthalein dibutyrate was from Research Organics (Cleveland, OH). Racemic and (+)-trans-ethyl chrysanthemate and chrysanthemic acid were from the Agricultural Department of Sumitomo Chemical. (+)-trans-p-Nitrophenyl chrysanthemate was synthesized by coupling (+)-trans chrysanthemic acid and p-nitrophenol. Polyclonal antibodies were developed by immunizing a rabbit with purified esterase.
DFP-Labeling of ethyl chrysanthemate esterase. Recombinant esterase was purified as described in a previous report.
1) Purified enzyme (200 mg) was incubated at 30 C for 1.0 h with 4:0 Â 10 À7 mol (100 molar excess) of DFP in 100 mL of 50 mM Tris-HCl (pH 8.5). After complete cessation of enzymatic activity was confirmed, the unreacted DFP was removed with Sephadex G-25. The recovered sample was lyophilized and subjected to lysyl endopeptidase digestion or subjected directly to ESI-MS analysis.
Electrospray ionization mass spectrometry of native and DFPlabeled esterase. The mass spectra of the native and DFP-labeled esterases were measured with a TSQ-700 triple quadrupole mass spectrometer (Finnigan MAT Instruments, San Jose, CA) equipped with an atmospheric-pressure ionization ion source. The electrospray voltage was set to 3,780 V and the mass spectrometer was operated in positive mode. Native and DFP-labeled esterase, 200 mg each, were desalted using a Sephadex G-25 column, followed by concentration, and the samples were dissolved in 100 mL of 50% acetic acid. Acetonitrile was added to the supernatant in a ratio of 1:10, and the resulting solution was subjected to analysis using a Harvard syringe pump (Holliston, MA) at a flow rate of 1.0 mL/min. Molecular weights were calculated by deconvolution of mass spectra.
Isolation of esterase-derived peptides. Native and DFP-labeled esterase were cleaved by incubation with lysyl endopeptidase (molar ratio of substrate to enzyme, 20:1) at 37 C overnight in 80 mM TrisHCl (pH 8.5) containing 8.0 M urea and 100 mM dithiothreitol. Digestion was performed for another 24 h after the same amount of endopeptidase was added to the reaction mixture. The reaction mixture was applied to reverse-phase high-performance liquid chromatography (HPLC) using a mBondapak C4 column (4:6 mm' Â 150 mm; Nihon Waters, Tokyo) with a linear gradient of 0-60% acetonitrile in 0.1% trifluoroacetic acid. Elution of the peptides produced was monitored by the absorbance at 215 nm. The fragments were collected and lyophilized.
Fast atom bombardment mass spectrometry (FAB-MS) of the digested peptides. FAB-MS spectra were recorded with a Joel JMS-HX110 with the JMA-DA5000 data System (Joel, Tokyo) in positiveion mode using xenon gas. The FAB gun was operated at 6.0 kV, the accelerating voltage was 10 kV, and the magnet was scanned from 100 to 6,000 (m=z). The mass resolution was set at 1,500. Spectra were obtained using a mixture of glycerol/thioglycerol/0.1 N HCl (1:1:1) as the matrix material. Aliquots of the samples were subjected to amino acid sequencing by automated Edman degradation on a model 473A Sequencer (Applied Biosystems.).
Tandem mass spectrometry of peptide fragment-2. Peptide fragment-2 (corresponding to amino acid residues 40-59) was digested with trypsin and chymotrypsin, and the peptide fragments were separated by HPLC using a mBondapak C18 column (Nihon Waters.). The peptide fragments were analyzed for amino acid sequence by tandem mass spectrometry, and the sequences were confirmed using protein sequencer model A473 (Applied Biosystems.).
Construction of site-directed mutants. Two-step polymerase chain reactions (PCR) were used to introduce mutations around the putative active-site residues of the esterase gene. A set of mutagenic oligodeoxyribonucleotide primers and two universal primers, which corresponded to the nucleotide sequences upstream and downstream of the Nsp(7524)V and Kpnl sites, were synthesized. At the first step, using a 5 0 -universal primer and the 3 0 -mutagenic primer as well as 5 0 -mutagenic primer and a 3 0 -universal primer, 5 0 -mutated and 3 0 -mutated fragments were generated respectively. These intermediate fragments were electrophoretically purified and subjected to a second PCR. At the second step, using the intermediate fragments as templates, PCR was performed with both universal primers. The product of the second PCR was digested with Nsp(7524)V and KpnI, electrophoretically purified from acrylamide gel, and cloned into the Nsp (7524) The following seven mutant plasmids were also prepared: S53A,
Mutation of each codon was confirmed by DNA sequencing using an automated DNA sequencer model 610A (Applied Biosystems.) with a dye-termination sequencing kit, and it was verified that the absence of enzyme activity in the mutant plasmids with inactive enzymes was not due to incorrect ligation, frame shifts, or other undesired mutations.
Purification of the wild-type and mutant enzymes. E. coli JM105 cells were transformed with the various mutant plasmids harboring one amino acid mutation. Recombinant cells were grown in Terrific Broth 23) at 37 C, and production of esterase was induced with 1 mM IPTG. Purification was performed by a method described previously. 1) Briefly, cultured cells were disrupted by sonication at 4 C and centrifuged, and the supernatant was subjected to ammonium sulfate precipitation. The precipitate obtained at 30% saturation was dissolved in 20 mM Tris-HCl (pH 7.5) and subjected to DEAE-5PW ionexchange chromatography.
Enzymatic analysis. The esterolytic activity of each mutant enzyme with respect to ethyl chrysanthemate and phenolphthalein dibutyrate was determined as described previously. 1) All the kinetical values were measured using (+)-trans ethyl chrysanthemate as substrate at 45 C unless otherwise mentioned, and the resulting (+)-trans chrysanthemic acid was analyzed by gas chromatography as described previously. 2) Kinetic values such as Vmax and Km were measured by LineweaverBurk plot. In some cases, (+)-trans p-nitrophenyl chrysanthemate or phenolphthalein dibutyrate was also used, and the enzymatic activity was determined by measuring the amount of liberated p-nitrophenol or phenolphthalein with a spectrophotometer.
Titration of the sulfhydryl groups. Titration of the sulfhydryl groups of the wild-type and mutant esterases was carried out at 25 C in 100 mM Tris-HCl (pH 8.0) by the method of Ellman.
24) The assay solution was preincubated at 25 C for 5 min, followed by the addition of DTNB solution. The concentrations of released 2-nitro-5-thiobenzoate ions were calculated by the absorption at 412 nm with an extinction coefficient of 13,700 M À1 cm À1 , and the number of SH groups was calculated as described by Higaki et al. 25) Other methods. The protein concentrations of the various purified esterases were determined by spectrophotometrically at 280 nm using an extinction coefficient of A280 nm
based on the content of aromatic amino acids of the esterase protein, or were measured with a BCA protein assay kit (Pierce, Rockford, IL). SDS-PAGE was carried out as described by Laemmli, 26) and proteins were stained with Coomassie Brilliant Blue R-250.
Results and Discussion
As described previously, 1) the esterase from A. globiformis has significant homology to penicillin-binding proteins instead of typical serine hydrolases such as lipases, carboxylesterases, and proteases, all of which possess Gly-X-Ser-X-Gly in the active-site motif.
3 4) and PBP5 of E. coli K-12, 20.2% within 302 aa. 6) We assumed that A. globiformis esterase shares some structural and enzymatic characteristics with penicillin-binding proteins, since esterase activity was inhibited by substrates of -lactamases and D,Dcarboxypeptidase such as cephalosporins and D-aminopeptides in a competitive manner (data not shown), although no hydrolytic activity toward these substrates was observed, and, moreover, some penicillin-binding proteins have ester-hydrolyzing activity.
Based on crystallographic analysis of the penicillinbinding proteins and of proteins that have significantly homologous amino acids to the esterase in this study, the overall structural similarity (/-fold) and the similarity of spatial environment around the active site cavity of these enzymes to class C -lactamases, were described.
Three conserved elements among the penicillin-binding proteins have been identified and the relevance of these elements to catalytic activity has been putatively assigned in previous reports: (i) the active-site consensus (Ser-X-X-Lys) found in the N-terminal part of the protein, in which serine is the catalytic residue and lysine is a candidate for a general base for acylintermediate formation; (ii) Tyr-X-Asn, found in the middle of the protein, in which the tyrosine residue is another candidate for a general base; and (iii) the KTG box (Lys-Ser/Thr-Gly) in the C-terminal portion, which forms the opposite wall of the catalytic cavity. 11, 12, [18] [19] [20] [21] [22] Amino acid alignment of the esterase of A. globiformis with the penicillin-binding proteins and family VIII esterases shows that the consensus active site motif of Ser-X-X-Lys, found exclusively among the homologous enzymes, 11) is also considered to be the active site of the esterase in this study (Ser59-Cys-Ser-Lys62), while the other two elements consist of slightly different amino acids, such as Tyr-His-Ala and Lys-Ser-His respectively. In this study, we focused on identifying the catalytic residue and elucidating the role of the lysine residue one helix turn downstream of the serine, and considered the similarities and differences in catalytic mechanism between the esterase in this study and the homologous enzymes through DFP-labeling and site-directed mutagenesis experiments.
DFP labeling and mass spectrometric analysis of the esterase covalently modified with the inhibitor
We used DFP, a common serine hydrolase inhibitor that inhibits the enzymatic activity of the esterase of A. globiformis as well, 2) as an active-site probe in subsequent analysis.
The purified recombinant esterase was incubated with approximately 100 molar ratio of DFP for 1 h to ensure that incorporation of the molecule into the catalytic site, covalent binding to the active site residue, and aging of the molecule occurred completely.
27) The aging process, resulting in a loss of one of the two isopropyl groups, was necessary, since incomplete loss of the isopropyl moiety by the inhibitor would generate heterologous enzyme-inhibitor complexes that would make it difficult to analyze the increase in molecular mass precisely. After enzymatic activity was completely lost, the DFPlabeled esterase was desalted and lyophilized for mass spectrometric analysis.
The ion spray mass spectra of the native and DFPlabeled esterase preparations indicated that the molecular mass of the native esterase was 39,860, in good accordance with the calculated molecular weight from the amino acid sequence (39,836), whereas the molecular mass of the DFP-labeled esterase was 39,980, and the increase of 120 mass is in good accordance with that of the adduct molecule (+122), with the loss of one isopropyl group as a result of aging.
Identification of the DFP-labeled active site peptide by FAB-MS and by amino acid sequencing
After stoichiometric (one mole of inhibitor incorporation into one mole of the enzyme), covalent labeling of the esterase with the inhibitor was confirmed by ESI-MS analysis, lysyl endopeptidase digestion, which cleaves the carboxyl terminal of the lysine residue of the native and DFP-labeled esterase, was performed, and the resulting mixture of peptides was separated by reversephase HPLC and subjected to FAB-MS analysis. Seven out of nine peptide fragments deduced to be produced from the amino acid sequences of the esterase were recovered by HPLC, while the largest peptide, with a deduced molecular mass of 17,994 (fragment 7, the seventh fragment from N-terminal) could not be separated under the conditions we applied, probably because of its hydrophobicity. In addition, the smallest peptide, which corresponded to the C-terminal end of the esterase, was not separated.
Among the analyzed peptides, only fragment 2, which corresponded to positions 40-62, showed a molecular mass difference between the native and the DFP-labeled esterase, as shown in Fig. 1 . The theoretical mass of this fragment is 2,414.6, in good accordance with the analyzed mass of the native fragment (2,414.8), whereas the analyzed mass of the DFP-labeled fragment was 2,536.6. The difference in mass between these two peptides was 121.8, which again coincided with the mass of the predicted structure of the inhibitor adduct molecule.
Through additional digestion of peptide fragment 2 with trypsin and chymotrypsin, followed by reversephase HPLC separation, the following peptides were recovered: H2N -VLDISGGPH(R)-COOH , H2N -RPDSVT-GVF-COOH , and H2N -SCSK-COOH . Among these fragments, only the smallest tetrapeptide, SCSK, showed an increase of 122 molecular mass between the DFP-labeled and the native esterase. The other two did not. Fragmentation of the tetrapeptide was attempted in the daughter ion scan mode of tandem MS/MS analysis in order to identify the modified serine residue, but the experiment was unsuccessful.
Analysis of site-directed mutants of the esterase
Further studies to identify the catalytic residue as well as studies of the other amino acid residues that participated in the enzymatic reactions were done by site-directed mutagenesis. The mutant enzymes constructed were purified from E. coli JM105 cells by a method previously described, 1) and were subjected to SDS-PAGE to confirm that they were purified to homogeneity. Both the kinetic and the physicochemical parameters of the mutant esterases were analyzed, as described in ''Materials and Methods.'' Ser59 Mass spectrometric analysis indicated that the catalytic residue lay in peptide Ser59-Cys-Ser-Lys62. In addition, amino acid alignment showed the serine at position 59 to be the catalytic nucleophile, but we could not precisely identify the residue covalently modified in the DFP-labeling experiment.
Among the constructed serine mutants, S53A, S61A retained almost full activity toward (+)-trans-ethyl chrysanthemate, while only the S59A mutant had undetectable activity (Table 1 ). These observations, as well as the results of labeling with DFP, clearly indicated that serine 59 is the catalytic residue of this enzyme.
Lys62 Among the three mutants constructed, only replacement of the residue with a basic side chain maintained significant activity, while other mutants did not, as shown in Table 1 . These results suggest that the basic side chain is necessary at this position. The complete loss of esterolytic activity due to mutations from lysine to glutamic acid and to leucine was not caused by gross changes in the secondary structure, since the circular dichroism spectra of the purified samples were superimposable among the wild-type esterase and these mutants, and the calculated percentages of -helixes and -sheets were indistinguishable.
We further examined to determine whether mutant enzymes were covalently labeled with DFP. The mutant esterases were incubated with an excess amount of [
3 H]-DFP, immunoprecipitated with a polyclonal antibody raised against purified wild-type esterase, recovered by ProteinA-FF affinity column, and separated on SDS-PAGE. Except for S59A, the serine and cysteine mutants were labeled with [
3 H]-DFP, while among the mutants at position 62, only K62R formed the covalent complex between the inhibitor (Fig. 2a) . The incapability in forming the enzyme-inhibitor complex was not caused 
Wild type 5:4 AE 1 Â 10 by incomplete recovery of the mutant enzymes with the polyclonal antibody, since Coomassie staining showed no significant change in the amount of protein recovered (Fig. 2b) .
The mutation from lysine to arginine at 62 affected the Vmax greater than the Km value ( Table 1 ). The turnover rate of the K62R mutant fell to 7% of that of the wild-type esterase, while only one-third reduction of affinity to the substrate was observed. One possible explanation of this significant reduction in the turnover rate is the impaired ability of this mutant to deacylate, since an acylation step was observed when [
3 H]-DFP was incubated with the mutant, as shown in Fig. 2a . Figure 3a shows the pH profiles of the catalytic activity of the wild-type and K62R mutant esterases using (+)-trans-ethyl chrysanthemate as substrate. A similar pH profile curve was observed between the two enzymes, except that the optimal pH was about 10.3 for the K62R mutant, 0.3 higher than that for the wild-type esterase. A similar shift in the pH profile was observed for PBP5 28) and for class C -lactamase, 29) whenthialysine and arginine were introduced respectively instead of lysine at this position.
The question which residue acts as a general base in penicillin-binding proteins is still a matter of debate. Based on crystallographic study of class C -lactamase from Citrobacter freundii, 29) Tsukamoto et al. described the catalytic mechanism of -lactam hydrolysis by the enzyme. The role of the lysine residue one helix turn downstream might be the general base that abstracts a proton from the reactive serine residue. However, using the same -lactamase, Oefner et al. suggested that the tyrosine residue found in the second conserved element acts as a general base instead of lysine, and that the side chain of the tyrosine is stabilized as the phenolate forms due to the proximity of the protonated side chain of lysine. 18) A report on 6-aminohexanoate-dimer hydrolase proposed that both lysine and the tyrosine prompt acylation of the catalytic serine residue. 30) In a study of PBP5, 28) this lysine was interpreted as playing a key role in proton transfer during both acylation and deacylation. Another study of class C -lactamase indicated that there was no specific residue acting as a general base for catalysis. 31) Some experiments 32) on and theoretical analysis 33) of class A -lactamase have indicated that the pKa of lysine is above 10.0, indicating that the residue is unlikely to act as a proton abstractor, and another residue was speculated as the general base, including tyrosine in the second conserved element.
Although experimental evidence as well as theoretical considerations suggest that tyrosine in the second conserved element or another residue acts as general base, and that lysine in the active-site consensus acts as a stabilizer of the acyl-enzyme intermediate through the hydrogen bonding network in these homologous enzymes, it is possible that Lys62 in the active-site motif of A. globiformis esterase plays a direct role as general base, for the following reasons: First, almost all the enzymes mentioned above have optimal enzymatic activity around the neutral pH range, while the esterase in this study was optimal at basic pH. A minor exception is PBP5, which also prefers basic pH. Since the A. globiformis esterase is fully active at pH 10.0, and in such environment the side chain of lysine might be deprotonated, like Lys47 in PBP5, and can capture a proton from the hydroxyl side chain of catalytic serine residue. Secondly, the acylation step did not proceed when the basic side chain was lost in this position, as shown in Fig. 2 , even though the inhibitor bound the mutants with acidic and neutral side chains. Furthermore, using phenolphthalein dibutyrate as a substrate ester, the difference in optimal pH for hydrolysis between the wild-type and the K62R mutant esterase was almost identical to that of (+)-trans-ethyl chrysanthemate (Fig. 3b) . Such similar behavior by structurally unrelated substrates indicates that the lysine residue does not have merely an electrostatic influence on substrate binding.
All the results obtained here raise the possibility that the lysine at position 62 in the active-site consensus of A. globiformis esterase acts directly as a general base that abstracts protons from the hydroxyl side chain of the catalytic serine residue.
Cys60
The localization of the cysteine in the putative catalytic motif was confirmed by SH titration. As shown in Fig. 4 , the wild-type enzyme was found to be reactive to DTNB, with an incorporation ratio of 0.6 mole DTNB per 1 mole esterase under the conditions in which the enzyme was fully active, while C60A mutant was not. This confirms the solvent-accessible localization of the cysteine residue in the Ser-X-X-Lys motif. The incomplete molar ratio of DTNB incorporation may have resulted from the limited accessibility of the titrant to the residue. (a) (þ)-trans-Ethyl chrysanthemate and (b) phenolphthalein dibutyrate as a substrate. Hydrolytic activity was measured in 200 mM potassium phosphate buffer from pH 8.0 to pH 9.0, and in 200 mM glycine-NaOH buffer from pH 9.0 to 10.7. Activities are shown relative to that of the optimal point both for the wild type ( ) and K62R ( ) esterase.
The rest of the cysteine residues were titrated only under the denaturated conditions, which suggests that these three cysteine residues are in a solvent-inaccessible environment under physiological conditions. This is in good accordance with the predicted localization of these three cysteine residues based on the crystallographic studies of the homologous enzymes, all of which were embedded inside the enzymes.
Stereoselectivity of the mutant enzymes
When (AE)-cis, trans-ethyl chrysanthemate was used as substrate in our preliminary investigation, optically pure (þ)-trans chrysanthemic acid was produced by the S53A, C60A, and S61A mutants in the same way as by the wild-type esterase. However, in case of the K62R mutant, some (À)-trans chrysanthemic acid was observed in addition to the (þ)-trans stereoisomer.
Although crystallographic analysis of this esterase has not succeeded to date, we consider that the difference in stereoselectivity among these mutants might arise from a difference in spatial location of the mutated residues. The Cys60 and Ser61 residues are not thought to face directly to the active site cavity, since they lie just next to the active-site nucleophile (Ser59) in the -helix when this esterase is aligned with penicillin-binding proteins. The results of the SH titration experiment (Fig. 4 ) also suggest that Cys60 is not freely accessible from the active-site cavity. Indirect or only slight interaction of these residues with the substrate might be the reason these mutations did not affect stereoselectivity. On the other hand, Lys62 lies three amino acids behind Ser59, that is, one -helix turn downstream, and is considered to face the active-site cavity fully. Direct interaction of the side chain of arginine with the substrate might influence the preference for each stereoisomer. 
